Abstract: Fiber-to-fiber on-off optical switching based on the gigantic Goos-Hanchen (GH) shift on an optical beam induced by the Bloch surface wave is experimentally demonstrated for the first time. Through changing the refractive index of the cladding covering a truncated 1-D photonic crystal, the enhanced GH shift can be toggled dynamically from zero to submillimeter range. By using the finite coupling aperture of the fiber and selecting an optimized pass region of the beam to the output fiber, high extinction ratio can be achieved with reasonable insertion loss. It is also demonstrated that a refractive index change of G 2 Ã 10 À3 is sufficient to realize the switching, which opens the way to realize faster and more compact integrated GH switches.
Introduction
With the development of the optical communication technologies at an astounding pace in the past half of century, being dynamic and reconfigurable has become one of the essential features of current optical fiber networks [1] - [3] . Various optical switches that can dynamically turn on and off optical signals in their paths have become an integral part of these networks [4] . As the studies on optical switching devices become an important topic in photonic research, different physical mechanisms and device structures, including optical microelectromechanical systems (MEMS) and devices based on thermal-optic, electro-optic, or acousto-optic effects, have been explored to meet the demands of fiber-optic systems.
Among the studied fiber-optic compatible schemes, most of them could fall into two main categories: those based on interferometric configurations that convert an applied phase changes to a change in the transmission of the device and those based on directly shifting the beam position so that it may or may not couple into a fiber. The interferometric scheme can be readily implemented with waveguide-based devices [3] . The phenomena like thermal-optic and electro-optic effects can be utilized to change the refractive index of the waveguide material, e.g., the phase delay of the signal passing through the waveguide. The waveguide-based switches can be very compact and easy to be integrated with fibers, even though their costs are usually relatively higher.
The opto-mechanical (OM) switches, on the other hand, operate by simply directing the beam towards or away from the coupling waveguide/fiber to switch the light on or off. In those implementations using bulk optics, mechanical moving parts are used to change the direction or the position of the coupling fiber or other optical components in the beam path, such as prism, lens, mirror, and so on. The concept of the OM switches is very simple and has been widely adopted since the early stage of the development of optical switches. High extinction ratio can be achieved with such devices, but they are relatively bulky and the switching speed is also limited. Due to the emerging of microfabrication technologies, the MEMS-based switching technology becomes an attractive and feasible solution with greatly reduced device size and power consumption. Some innovative approaches had also been explored to change the beam path without moving parts. Total internal reflection (TIR) is a simple but effective effect that has been used in such schemes. One impressive example was the 2-D switch fabricated by Agilent, where a liquid bubble can be created and removed at the cross intersection of two special waveguides [5] . With the presence of the bubble, the light undergoes TIR and its path is bent 90 and routed into the other waveguide. Another example is the oil latching interfacial tension variation effect (OLIVE) switch, where a pair of microheaters are used to control the movement of an air bubble in a silica slit [6] . When the cross point of the transmission and the reflection path is filled with the refractive index matching oil, the light passes through directly. When it is filled with the air bubble, the light is reflected due to the total internal reflection at the sidewall of the slit.
Other optical phenomena associated with TIR or similar effects could also be leveraged to realize novel optical switching schemes. Goos-Hanchen (GH) effect is one of the well-known nonspecular phenomena caused by the reflection of a finite-sized beam from a planar surface. The GH effect refers to the lateral shift of the reflected beam from its expected geometric position under reflection. While the GH shift (GHS) is usually only on the order of wavelength and hardly observable under most common optical setups, it has been widely studied after it was first discovered experimentally in 1947 [7] . The feasibility of extending an OLIVE switch to a 2 Â 2 optical waveguide switch by utilizing the GH effect has been studied [8] . However, as the GHS realized in that device was only around a couple of microns, demonstration of the optical switching capability was not yet carried out. Methods to enhance the GH effect with more complicated optical structure or materials with special optical characteristics have been intensively investigated theoretically in the past few years with fewer experimental verifications [9] - [12] . It is recently demonstrated that the generation of giantly enhanced GHS on the order of hundreds of times of wavelength can be achieved using a relatively simple structure [13] - [15] . Both the guided and surface wave excited in a truncated 1-D photonic band gap (PBG) structure are shown to significantly boost the GH effect with relatively low optical losses. The giant GHS is also observed to be highly sensitive to the excitation condition of the Bloch surface wave (BSW), which opens the possibility to actively control this phenomenon [14] , [16] .
Here, we propose and experimentally demonstrate a 1 Â 1 optical switching scheme based on the giant GH effect. Through tuning the refractive index of the cladding over a device based on the Bloch-surface-wave-Induced Giant GH (BIGG) effect high extinction ratio, fiber-to-fiber optical switching is demonstrated with an ATR configuration. This could be, as far as we know, the first GHeffect-based optical switching scheme ever realized.
Principle of Operation and Experimental Setup
The schematic of the fiber-to-fiber optical switching setup is shown in Fig. 1 . The fiber output from a laser source is collimated and spatial-filtered to generate a Gaussian beam. The beam has a radius of $750 m at its waist, and its state of polarization is set to be p-polarized by a polarizer and a polarization controller is placed before that to control the power of the beam incident. The beam is incident onto the giant GH device through a high-refractive-index glass prism (SF10, n ¼ 1:704) and is reflected. The reflected beam is focused by a lens ðf ¼ 10 mmÞ and coupled back into a piece of fiber. The position of the coupling lens and the output fiber are laterally tuned so that the coupling of the beam into the fiber without the GH effect is minimized. Their position, instead, is around the beam path when maximal GHS is observed. By leveraging the limited numerical aperture (NA) and the corresponding coupling aperture of the fiber, only when the GHS is significantly enhanced can a large portion of the beam be coupled into the fiber, corresponding to the Bon[ state of the switch. When the GH effect is reduced, the beam shifts out of this aperture so that the light is not coupled into the fiber, i.e. the output is switched off.
The structure of the BIGG device is shown in Fig. 2(a) . The device consists of specially designed ten periods of alternating TiO 2 ðn ¼ 2:30Þ and SiO 2 ðn ¼ 1:434Þ layers on a ZF10 glass slide ðn ¼ 1:668Þ, terminated with a TiO 2 buffer layer [13] . The thicknesses of the TiO 2 layer and SiO 2 layer of the periodic layers, and the buffer layer are 163 nm, 391 nm, and 23 nm, respectively. In Fig. 2(b) , the dispersion diagram of frequency verses wave vector for p-polarization is shown. The device is designed to be able to excite BSW when the refractive index of the cladding is 1.33, i.e., the device is covered by water, at the 980-nm wavelength. The surface mode excited for water as the cladding is plotted, as well as the field distribution of the BSW mode. We note that the cladding is designed with the aqueous materials so that their refractive indices can be easily tuned by changing to different liquids with different indices.
To facilitate the delivery of different liquids to the surface of the BIGG device, a PDMS flow cell is attached to the other side of the GH device, and the injection procedure is controlled by a homemade microfluidic control system. By flowing liquids with different indices that change the refractive index of the cladding medium over the device, the GH effect can be turned on or off, which in turn toggles the switch.
While, during the demonstration of the switching operation, the incident angle of the beam is fixed at that of the maximum GHS with water, for characterizing the fabricated device, the incident angle can be scanned by a high-resolution step-motor rotation stage when the angular-dependent GHS is measured. The GHS can be accurately measured by capturing the reflected beam spots by a CCD camera as the incident angle changes. For the captured image of the reflected beam, the position of the reflected beam is defined as the centroid of the horizontal intensity distribution, where the horizontal intensity distribution is obtained by averaging a horizontal strip with a height of 30% of the 1/e intensity radius around the vertical center of the beam captured. To measure the GHS, the reflected beam spots obtained by injecting air into the flow cell or of the s-polarization are taken as the reference, since the GHS is expected to be negligible for those circumstances within the angular range of interest.
Results and Discussions
First, the GH characteristics of the BIGG device are characterized. As shown in [14] , under the condition of exciting the BSW, i.e., at the incident angle of 53.44
, the GH effect is significantly enhanced and a peak value of $740 m can be obtained. The reflected beam intensity profiles captured by a CCD camera with and without the BIGG effect are shown in Fig. 3(a) , where the intensity distributions along the horizontal direction are plotted in Fig. 3(b) . Compared with the original beam shape, a major portion of the reflected beam shifted away from where it is supposed to be at the maximal GHS. The shifted beam profile has a shifted peak significantly away from the original one. Yet, as commonly seen by the enhanced giant GH effects demonstrated [14] , [17] , the tail of the profile still has overlap with the unshifted beam position. Through properly selecting a pass region and selectively collecting the light in that region into the output fiber, while rejecting that in the other region, a good switching extinction ratio is expected. Because of the remaining overlap in the two beam profiles, moving the boundary of the pass region further to the left would result in an improved extinction ratio at the price of reduced collection efficiency of the Bon[ state. Yet, our later results show that with the giant GHS high extinction ratio can be achieved under acceptable insertion loss.
To test the performance of the GH effect based optical switch, water and air are injected into the flow cell, respectively, and the reflected light coupled into the fiber is measured by an optical power meter (Newport 840). The input beam before the prism is measured to be 716 w. After coupling into the output fiber, the output powers are measured to be 2.86 w and 102 w for air and water, respectively, which correspond to the Boff[ and Bon[ states, respectively. Therefore, an extinction ratio of 1 : 35.6 is achieved with an insertion loss of 8 dB.
In order to analyze the effect of GHS on the switching performance, the optical powers in the system are further measured. It is found that the reflected beams after the prism are measured to be 609 w and 420 w for air and water, respectively. Compared with the input power, the loss of the beam when air is injected, i.e. without the GH effect, is mainly due to the reflection losses of the beam entering and exiting the uncoated prism (estimated to be $6%/surface), as the incident angle is beyond the critical angle for total internal reflection. We note that this loss can be reduced by the use of antireflection coating in the future. The reduction in the reflected power under the GH effect is Fig. 3. (a) The reflected beam profiles captured by the CCD camera; (b) the corresponding intensity distributions.
due to the optical loss associated with the excitation of BSW. The interfacial scattering loss and material absorption of the device structure are the major sources of this loss [13] , which could be further reduced by improving the fabrication process. Besides the reflection loss, the loss induced by the coupling from free space back to the fiber contributes much to the overall insertion loss. Currently, we have achieved the minimal coupling loss of $3 dB using the coupling lens. Therefore, the extra loss of the proposed switching scheme due to the selection of the passing region accounts for only $2-3 dB within the total loss budget.
Dynamic switching capability of this GHS-based optical switch is preliminarily demonstrated by quickly injecting water into and removing it from the flow cell. As shown in Fig. 4 , a Si photodiode connected to a real-time oscilloscope (Rigol, DS1102C) is used to measure the optical output from the fiber. We note that the baseline shown ($3 mV) is a background signal due to the dark current from the photodiode and has little to do with the actual contrast ratio that had been measured above. As seen in the figure, it takes about 40 ms to turn Bon[ or turn Boff[ this optical switch, when the flow rate is 50 l/s limited by the microfluidic control system. By further increasing the flow rate or reducing the volume of the flow cell, the switching time could be further shortened.
Due to the various challenges in handling and controlling fluids in a switching device, we aim to realize switching with a much smaller change in the refractive index so that other schemes of index tuning could be adopted. Because of the high sensitivity of the excitation of the BSW to the refractive index of the cladding, it is expected that very small change in the refractive index of the cladding material could cause obvious difference of the induced GHS [14] . Therefore, instead of air, 1% NaCl solution is used to replace the air to switch Boff[ the GH effect and the switch. The saline solution has a refractive index difference of 1:76 Ã 10 À3 RIU from pure water, where the GHS is maximized. Thus, as shown in Fig. 5 , the injection of the saline solution effectively turned off the output, in contrast to the result for pure water. Again, we note that the baseline in Fig. 5 is due to the dark signal of the photodetection circuit. Thus, it is demonstrated that a refractive index change G 2 Ã 10 À3 RIU is sufficient to operate this BSW-induced-GH-shift based optical switch. We note that, in the current experimental setup, the switching scheme is carried out by changing the bulk medium in the fluidic channel using mechanical pumps, and the switching speed is determined by the time filling the flow cell with a different medium. Instead, novel microfluidic techniques, e.g., the electrowetting-driven scheme [18] , can be applied to control the movements of the liquids over the surface of the switch device without the bulky and power-consuming pumps. On the other hand, as the required refractive index change ($10 À3 RIU) for switching is relatively small, those effects such as the thermo-optic effects can also be leveraged, which can greatly improve the speed and compactness of the device.
It is also noted that, since the GH effect is polarization dependent, the switching experiments discussed here are carried out for the p-polarized input, while the s-polarized light would experience no GHS. The polarization dependence of the device could enable the development of additional polarization-related functionalities in the future, e.g., the polarization splitting device.
The current experiments are carried out at 980-nm wavelength, the proposed BIGG structure and the switching mechanism can be readily designed and realized to operate at different wavelengths as well, such as the more important 1550-nm wavelength.
Conclusion
A reflection-type optical switch based on the Bloch-surface-wave-induced GH effect has been experimentally demonstrated, enabled by the gigantic submillimeter GHS. This is, to our knowledge, the first successful experimental demonstration of such a scheme based on the GH effect. An extinction ratio of 1 : 35.6 has been achieved with a switching time of $40 ms in a microfluidic system. The reflection type of geometry of our demonstrated scheme could facilitate the further development of arrayed switching configurations with multiple parallel inputs and outputs. Boosted by the giant increase in the magnitude of the achievable GHS, it is expected that this interesting yet so far less utilized effect could come into play in more and more practical applications in the future.
